Background: Interaction of proteins with other molecules plays an important role in many biological activities. As many structures of protein-DNA complexes and protein-RNA complexes have been determined in the past years, several databases have been constructed to provide structure data of the complexes. However, the information on the binding sites between proteins and nucleic acids is not readily available from the structure data since the data consists mostly of the three-dimensional coordinates of the atoms in the complexes.
Background
Protein-nucleic acid interactions play an important role in many biological activities. Site-specific DNA-binding proteins or transcription factors (TFs) play important roles in gene regulations by forming protein complexes [1] . These protein-DNA complexes may bind alone or in combination near the genes whose expression they control [2] . For example, DNA-binding proteins may regulate the expression of a target gene [1] , so protein-DNA interactions are important for DNA replication, transcription and gene regulations in general.
Protein-RNA interactions also have important roles in a wide variety of gene expression [3] . For instance, ribonucleoprotein particles (RNPs) bind to RNA in the posttranscriptional regulation of gene expression [4] , and tRNAs bind to aminoacyl-tRNA synthetases to properly translate the genetic code into amino acids [5] . As protein and RNA mutually interact, RNA-binding proteins are essential molecules in degradation, localization, regulating RNA splicing, RNA metabolism, stability, translation, and transport [6] . Therefore, identification of amino acids involved in DNA/RNA binding or (ribo)nucleotides involved in amino acid binding is important for understanding of the mechanism of gene regulations.
As the number of structures of protein-DNA/RNA complexes that have been resolved has been increased plentifully for the past few years, a huge amount of structure data is available at several databases [7] [8] [9] [10] . However, the data on the binding sites between proteins and nucleic acids is not readily available from the structure data, which consist mostly of the three-dimensional coordinates of the atoms in the complexes. A recent database called the Protein-RNA Interface Database (PRIDB) [9] provides the information on protein-RNA interfaces by showing interacting amino acids and ribonucleotides in the primary sequences. However, it does not provide the binding sites on the interacting partners of the amino acids and ribonucleotides in protein-RNA interfaces.
In this study we performed wide analysis of the structures of protein-DNA/RNA complexes and built a database called DBBP (DataBase of Binding Pairs in protein-nucleic acid interactions). The database shows hydrogen-bonding interactions between proteins and nucleic acids at an atomic level, which is not readily available in any other databases, including the Protein Data Bank (PDB) [11] . The binding pairs of hydrogen bonds provided by the database will help researchers determine DNA (or RNA) binding sites in proteins and protein binding sites in DNA or RNA molecules. It can also be used as a valuable resource for developing a computational method aiming at predicting new binding sites in proteins or nucleic acids. The rest of the paper presents the structure and interface of the database.
Materials and methods

Protein-DNA/RNA complexes
The protein-DNA/RNA complexes determined by X-ray crystallography were selected from PDB. As of February, 2013 there were 2,568 protein-DNA complexes and 1,355 protein-RNA complexes in PDB. After extracting complexes with a resolution of 3.0 Å or better, 2,138 protein-DNA complexes (called the DS1 data set) and 651 protein-RNA complexes (the DS2 data set) remained.
Binding sites in protein-nucleic acid interactions
Different studies [9, [12] [13] [14] have defined slightly different criteria for a binding site in protein-nucleic acid interactions. For example, in RNABindR [15, 16] and BindN [17] an amino acid with an atom within a distance of 5 Å from any other atom of a ribonucleotide was considered to be an RNA-binding amino acid.
As for the criteria for a binding site between proteins and nucleic acids, we use a hydrogen bond (H-bond), which is stricter than the distance criteria. The locations of hydrogen atoms (H) were inferred from the surrounding atoms since hydrogen atoms are invisible in purely X-ray-derived structures. H-bonds between proteins and nucleic acids were identified by finding all proximal atom pairs between H-bond donors (D) and acceptors (A) that satisfy the following the geometric criteria: (1) the hydrogen-acceptor (H-A) distance < 2.5 Å, (2) the donor-hydrogen-acceptor (D-H-A) angle > 90°, (3) the contacts with the donor-acceptor (D-A) distance < 3.9 Å, (4) H-A-AA angle > 90°, where AA is an acceptor antecedent. These are the most commonly used criteria for H bonds. In particular, the criteria of H-A distance < 2.5 Å and D-H-A angle > 90°are essential for H bonds [18] . If there is no H-bond within a protein-nucleic acid complex, we eliminated the complex from the data sets of DS1 and DS2. As a result, we gathered 2,068 protein-DNA complexes (DS3) and 637 protein-RNA complexes (DS4).
As an example, Figure 1 shows three H-bonds between Threonine (Thr224) and Cytosine (C8) in a protein-RNA complex (PDB ID: 4F3T) [19] . In protein-RNA interactions, OG1 and N of Threonine can act as a hydrogen donor and OG1 and O of Threonine can act as a hydrogen acceptor. N3, N4, O2′ and O3′ of Cytosine can act as a hydrogen donor and N3, O2, O2′, O3′, O4′, O5′, OP1 and OP2 of Cytosine can act as a hydrogen acceptor. In this example, Cytosine is the 8th nucleotide in RNA chain R and Threonine is the 224th amino acid in protein chain A. OG1 of Threonine donates hydrogen to O2′ of Cytosine, OG1 of Threonine donates hydrogen to O3′ of Cytosine, and O2' of Cytosine donates hydrogen to OG1 of Threonine. Figure 2 shows the structure of the protein-RNA complex (PDB ID: 4F3T).
The probability of binding amino acid
Let P (+) be the probability that an amino acid is a binding site and P (−) be the probability that an amino acid is a non-binding site in protein-nucleic acid interactions (Equations 1 and 2). Then, the conditional probability P(A|+) is the probability that the binding amino acid is A. Likewise, the conditional probability P(A|−) is the probability that the non-binding amino acid is A. Equation 5 is the log-likelihood ratio of P(A|+) and P(A|−).
P(A|+)
Results and discussion
Hydrogen bonds in protein-nucleic acid interactions
We obtained H-bonds from 2,068 protein-DNA complexes (DS3) and 637 protein-RNA complexes (DS4) using HBPLUS [18, 20] with the H-bond criteria: (18,151) is the same as the number of protein acceptors (18, 151) . Figure 3 shows RNA-binding amino acids in protein-RNA complexes. Ala, Arg, Glu, Gly, Leu, Lys, and Val are more frequent than others in protein-RNA complexes ( Figure 3A) . In binding sites with RNA, Arg has the most frequently observed amino acid. Figure 3C shows the log-likelihood ratio (Equation 5) for each amino acid. Amino acids with a positive log-likelihood ratio have a higher chance to bind to RNA than those with a negative log-likelihood ratio. Arg has the highest log-likelihood ratio (1.59), and Val has the lowest log- Figure 2 The structure of a protein-RNA complex (PDB ID: 4F3T). The enlarged box shows three hydrogen bonds between Cytosine and Threonine. O2′ donates hydrogen to OG1. OG1 donates hydrogen to O2′ and O3′. likelihood ratio (-4.24). Interestingly, Ala has a negative log-likelihood ratio although it is frequently observed in protein-RNA complexes. This is because Ala is rarely observed in binding sites. Figure 4 shows DNA-binding amino acids in protein-DNA complexes. Ala, Arg, Glu, Gly, Leu, Lys, Ser, and Val are more frequent than others in protein-DNA complexes ( Figure 4A ). As in protein-RNA interactions, Arg The probability that the binding amino acid is A (P (A|+)) and the probability that non-binding amino acid is A (P(A|−)).
(C) The log-likelihood ratio log 2 (P(A|+)/P(A|−)).
has the most frequently observed amino acid in the binding sites with DNA.
Web interface
DBBP shows binding pairs at various levels, from the atomic level to the residue level. When it shows detailed information on H-Bonds, it shows the donors and acceptors of each H-bond. A same type of atom can play a role of hydrogen donor or acceptor depending on the context. We generated XML files for binding sites of protein-DNA/RNA complexes. Users of the database can access the XML file via PDB ID. Figure 5 shows our XML schema. The BindPartner element has elements and attributes, which are PDB ID, protein sequence (proSeq), protein bond (proBnd), DNA/RNA sequence (dnaSeq, rnaSeq), and DNA/RNA bond (dnaBnd, rnaBnd). DNA/RNA and protein bonds represent binding site '+' and non-binding site '-'. The BindingSite element has attributes, which are PDBID, Acceptor, Acceptor chain, Acceptor index, Acceptor residue, Donor, Donor chain, Donor index, and Donor residue.
Conclusion
From an extensive analysis of the structure data of protein-DNA/RNA complexes extracted from PDB, we have identified hydrogen bonds (H-bonds). Analysis of the large amount of structure data for H-bonds is laborintensive, yet provides useful information for studying protein-nucleic acid interactions. The protein-DNA complexes contain 44,955 H-bonds, which have 3,657 hydrogen acceptors (HA) and 41,298 hydrogen donors (HD) in amino acids, and 41,298 HA and 3,657 HD in nucleotides. The protein-RNA complexes contain 77,947 H-bonds, which have 18,151 HA and 59,796 HD in amino acids, and 59,796 HA and 18,151 HD in nucleotides. Using the data of H-bonding interactions, we developed a database called DBBP (DataBase of Binding Pairs in protein-nucleic acid interactions). DBBP provides the detailed information of H-bonding interactions Figure 5 The XML schema of the database. XML files were generated for the binding sites in protein-DNA complexes and protein-RNA complexes via the XML schema.
between proteins and nucleic acids at various levels. Such information is not readily available in any other databases, including PDB, but will help researchers determine DNA (or RNA) binding sites in proteins and protein binding sites in DNA or RNA molecules. It can also be used as a valuable resource for developing a computational method aiming at predicting new binding sites in proteins or nucleic acids. The database is available at http://bclab.inha.ac.kr/dbbp.
